Abstract-This study investigated how the recruitment patterns of shoulder muscles were influenced by wheelchair propulsion speed. Electromyography (EMG) activity of seven muscles was recorded with surface electrodes on 15 nondisabled subjects during wheelchair propulsion on a stationary ergometer. Kinetic data were measured by a SmartWheel. EMG total intensities were calculated to describe the muscle activation level, while the angles formed by first principal component and second principal component loading scores were calculated to describe the spectral content of EMG signals. Significant differences were observed in kinetic variables between the two testing speeds (p < 0.05). The EMG intensity of the tested muscles increased significantly with increased speed (p < 0.05). The push muscles showed a longer EMG duration, whereas the recovery muscles exhibited significantly earlier EMG onset and peak activities at the fast speed. The smaller angle values in the fast propulsion speed indicated that faster motor units were recruited to match the mechanical requirement for the faster motion. Pushing a manual wheelchair at a faster speed not only requires a higher level of propulsive muscle activity but also a higher level of recovery muscle activation.
INTRODUCTION
People who have impaired or nonfunctional lower limbs, like persons with spinal cord injury (SCI), often rely on their ability to propel a manual wheelchair for independent mobility for several decades of their life. During this time, they expose their shoulder joints to forces for which they were not designed. As a result, the joints and soft tissues of the upper limb are subject to repeated loads as the manual wheelchair user (MWU) goes about the activities of everyday life. A large amount of data now exist from various epidemiological studies linking manual wheelchair propulsion, transfers, and lifts to a variety of shoulder problems, including soft tissue injuries and degenerative joint changes [1] [2] [3] . Estimates of shoulder pain among MWUs with SCI range from 30 to 73 percent [4] [5] . The high prevalence of musculoskeletal disorders of MWUs has provoked new emphasis on the study of shoulder pain with its long-term consequences.
Mobility restoration, activities of daily living, and sports for those with SCI require several different propulsion speeds. The minimum speed required to safely cross an intersection is deemed to be 1.06 m/s [6] , while the average self-selected speed is 0.8 m/s for tetraplegia patients and 1.2 m/s for paraplegia patients [7] . For general participation in the community, a walking speed of 1.22 m/s would be desirable [6, 8] . Propulsion speed is known to influence muscle activity and wheelchair biomechanics during wheelchair propulsion. Many studies have documented shoulder kinetics and kinematics during wheelchair propulsion at multiple speeds [3, [9] [10] [11] . Shoulder joint forces and moments have been shown to increase at faster speeds [12] . Mercer et al. found that MWUs who pushed with a faster speed and loaded the pushrim more frequently were more likely to have shoulder pathology or pain [3] . Koontz et al. reported that individuals changed their shoulder movement patterns depending on how fast they propelled [11] . However, measures of kinetics and kinematics are not direct measures of muscle recruitment, and it is not possible to use these measures to infer differences in individual muscle activity for different wheelchair propulsion speeds.
A number of studies have identified that altered muscle recruitment patterns are associated with musculoskeletal disorders [13] [14] . The shoulder consists of several joints that function optimally when there is precise recruitment and coordination of the muscles attached to these joints [15] [16] . This precise recruitment and coordination of the muscles not only provides optimal energy transfer from the muscles to the wheelchair but also offers protection to the joints. If any particular muscle becomes too strong or too weak, the disproportionate strength or weakness of one particular muscle may disturb the muscle coordination and put the joints at risk. Hence, identifying weak components in muscle synergies and strengthening them with specific muscle training may improve the wheelchair propulsion performance and reduce the risk of injuries. On the other hand, changes in composition of muscle fiber types might be associated with muscle overuse and muscle pathologies [17] . The combined use of wavelet and principal component analysis (PCA) is a promising advanced electromyography (EMG) technique that has been successfully applied in gait [18] , running [19] , and cycling [20] to show that different muscle fiber types are recruited. The purpose of this study was to determine, using EMG and kinetics, the influence of the propulsion speed on the recruitment of shoulder muscles and fast and slow motor units (MUs) during wheelchair propulsion.
METHODS

Participants
Fifteen nondisabled participants (eight males, seven females; age: 30 ± 4 yr; weight: 66 ± 11 kg) volunteered to participate in this study ( 
Kinetic System
Three-dimensional forces and moments acting on the pushrim were measured using a SmartWheel (Three Rivers Inc, LLC; Mesa, Arizona). The pushrim kinetic data were collected at 240 Hz. The kinetic system was synchronized with the EMG data by triggering the SmartWheel with a signal that was simultaneously recorded on the EMG data acquisition system.
All participants were tested in the same wheelchair (Quickie GP, Sunrise Medical; Longmont, Colorado) fitted with 56 cm-diameter rear wheels and 13 cm caster wheels, 41 cm seat width, and 0° camber. The test wheelchair was secured onto a wheelchair ergometer. The wheelchair ergometer was modeled after the dynamometer described in Koontz et al. [12, 21] . The ergometer consists of two independent steel tubular rollers, one for each wheel, supported by pillow-block bearings. The bearings are mounted to steel channels. Braking force (F) of roller at constant velocity with no added resistance was calculated as F = ma, where the roller's mass (m) is 32.37 kg; acceleration (a) was calculated when the wheel was coasting down to zero (ΔV/Δt), where V = velocity and t = time. Rolling resistance depends on the weight of the subject. Power output (PO) was calculated as PO = F x V, where the applied force (F x ) must balance the average rolling resistance.
Procedure
Maximum Voluntary Isometric Test
To facilitate comparison between studies, the EMG intensities were normalized by the use of a maximum voluntary isometric contraction (MVIC). A total of four muscle tests were performed following the methods described by Boettcher et al. [22] and Kelly et al. [23] . The test order was block randomized. Isometric contractions were performed by the participants with their wrist attached to a force transducer (Model LCCB-1K, OMEGA Engineering; Stamford, Connecticut) while EMG was measured simultaneously. Subjects were seated in a stable chair (not a wheelchair) during the MVIC tests.
Propulsion Session
The participants were instructed to use a semicircular propulsion pattern [24] [25] as recommended by clinical practice guidelines [24] . All participants were advised to familiarize themselves with the semicircular pattern before testing. The SmartWheel was fitted to the right side of the test wheelchair. Real-time speed feedback was displayed on a monitor in front of the participant during the trials. The participants performed two trials of wheelchair propulsion, one at 0.9 m/s and a second at 1.6 m/s for 1 min, with a minimum rest interval of 5 min between trials.
Data Analysis
The push cycle was divided into two phases: push phase and recovery phase (Figure 1 ) [26] [27] . Ten continuous cycles recorded from the SmartWheel were used for data analysis. The kinetic variables analyzed were mean resultant force (F tot ), mean tangential force (F t ), mean propulsion moment (M z ), push frequency (number of pushes per second), push length in degrees (length of palm-onpalm-off, in degrees), and push time (time of individual pushes) [26] . Mechanical effectiveness (ME) was calculated by F t /F tot [28] . Percent push phase is the percentage share of the push phase in the total propulsion cycle.
A wavelet technique was applied to analyze the EMG signals [29] . Detailed description of this method can be found in previous articles [26, [30] [31] . All signal processing was performed using custom programs written in Mathematica (version 6.0, Wolfram Inc; Champaign, Illinois). The EMG intensity is a close approximation to the power of the signal contained within a given frequency band, and the intensity spectrum is equivalent to the power spectrum from the signals. EMG data were synchronized with kinetic data. The time base of the propulsion cycle was normalized to 100 percent to facilitate the comparison across participants (Figure 1) .
PCA was used to quantitatively identify the contribution of high and low frequency content within the EMG signal. The method has been described in detail in previous articles [26, [30] [31] [32] . In short, the first principal component (PCI) and second principal component (PCII) account for more than 80 percent of the signal. The angle θ formed between the PCI and PCII loading scores can be used to estimate the recruitment of fast and slow MUs (Figure 2) . A higher θ value is associated with the recruitment of slower MUs, whereas a lower θ value is associated with the recruitment of faster MUs [33] .
To determine changes in recruitment over the course of a propulsion cycle, we partitioned data from each push into 20 equal time windows and calculated mean values for each time window. PCI and PCII loading scores were calculated for each of the 20 partitioned time windows within the propulsion cycle, enabling the relative signal frequency content to be defined for different time points within the propulsion cycle.
Statistical Analysis
Statistical analysis was performed using SPSS (SPSS 16, IBM Corp; Armonk, New York). The KolmogorovSmirnov and Shapiro-Wilk tests were performed first to confirm data normality. Two-tailed paired t-tests were conducted to test for significant differences in kinetic performance, EMG intensity, PCI, and θ between the two testing speeds. Significant difference in the mean θ value and EMG intensity of the two speeds and propulsion time window were analyzed within each muscle by using full-factorial general linear model analysis of variance, with speed and time windows defined as fixed factors. In all statistical analysis, results were considered to be significant if the alpha error estimate was p < 0.05. All data are reported in the text as mean ± standard deviation while the results are graphed in each figure as mean ± standard error of the mean.
RESULTS
Kinetics
The PO is 29.2 W at the speed of 0.9 m/s and 51.9 W at the speed of 1.6 m/s. F tot , F t , M z , push length, push time, push frequency, ME, and percent push phase from the two testing speeds are shown in Table 2 . These variables significantly differed between the two testing speeds, except for ME.
Electromyography Activity
The average timing of EMG activity of the seven muscles during wheelchair propulsion is shown in Table 3 . Total EMG intensity and pushrim propulsion moment during each propulsion stroke for the different muscles are displayed in Figure 1 . Principal component loading scores for PCI and PCII from the seven muscles are shown in Figure 3 .
AD, PM, BB, and TB are mainly active during the push phase, so they are defined as push muscles; UT, MD, and PD had their main EMG activities during the recovery phase, so they are defined as recovery muscles. The EMG duration of AD between the two speeds was significantly different; the faster speed had a significantly longer EMG duration than the slow speed (p < 0.05). The EMG onset of UT was significantly earlier in the fast speed (p < 0.05), whereas the cessation of EMG was significantly later in Table 2 . Kinetic parameters for two testing speeds of wheelchair propulsion. Data reported as mean ± standard deviation.
% push phase = percentage share of push phase in total propulsion cycle (data averaged over all subjects), mean F t = average tangential force, mean F tot = average total force, mean M z = average propulsion moment, mechanical effectiveness = ratio of F t /F tot , push frequency = number of pushes per second, push length = length of palm-on-palm-off, push time = time of individual pushes. Table 3 .
Timing of electromyography activity of wheelchair propulsion at two speeds (0.9 and 1.6 m/s). Data reported as mean ± standard deviation.
* Significant difference for p < 0.05, data averaged over all subjects. AD = anterior deltoid, BB = biceps brachii, MD = middle deltoid, PD = posterior deltoid, PM = pectoralis major, TB = triceps brachii, UT = upper trapezius.
of EMG occurred significantly earlier in the fast speed than in the slow speed in UT (p < 0.05). The EMG onset of MD and PD for the fast speed was significantly earlier than for the slow speed (p < 0.05). The peak activities of EMG for the fast speed in MD and PD were significantly different between testing speeds (p < 0.01) ( Table 2 ). The peak activities of MD occurred significantly earlier in the fast speed than the slow speed (p < 0.01). EMG intensity and PCI loading scores for the fast speed were significantly higher than for the slow speed in all tested muscles (all p < 0.01). The θ values were significantly different between the two speeds in BB and TB (p < 0.01). The θ values did not differ between speeds for other muscles; it did differ between time windows, showing that θ differed significantly over the course of propulsion (all p < 0.01) (Figure 3) . Compared with the slow speed, the fast speed PCI-PCII loop of all the tested muscles was characterized by relatively more positive PCII loading scores, represented by the smaller θ values (Figure 3) .
DISCUSSION
Kinetic data showed a significantly shorter percent push phase in the fast speed condition, which was consistent with Koontz et al.'s study of shoulder kinematics and kinetics during two speeds of wheelchair propulsion [11] . EMG duration of push muscles was longer at the fast speed than at the slow speed, which is associated with earlier onset and later cessation. Mulroy et al. reported that the longer duration of PM in the push phase may prevent upward displacement of the humeral head in the MWU with cervical 7-8 tetraplegia [34] . The prolonged and higher activities of the push muscles may contribute to more propulsive force to meet the high mechanical demand during fast-speed wheelchair propulsion. As for the recovery muscles-MD, PD, and UT-their EMG onset and peak activity were significantly earlier in the fast speed than the slow speed. This may indicate a compensatory hastening from early recovery phase to late push phase stemming, in all likelihood from the MWU's effort to improve propulsion velocity. The higher EMG intensities of the recovery muscles at the fast speed condition may be associated with rapid movement in the recovery phase.
Fast and slow muscle fibers vary in their mechanical and energetic properties. Slower muscle fibers are used to power slow-and medium-speed movements, while both slow and fast fibers are used during rapid movement [35] . The loops described by the PCI-PCII loading scores of the seven muscles were characterized by smaller θ values for the faster propulsion speeds (Figure 3) . This may indicate that a greater proportion of fast MUs were recruited to meet the mechanical requirements of the faster motion. Studies of the fiber-type composition show that the deltoid muscles and UT muscles have a high proportion of slow fibers [36] . The high proportion of slow fibers in these muscles is associated with their roles in postural maintenance and shoulder joint stabilization. The PD had a particularly high average slow-fiber proportion of 56 percent [36] . During the slow speed test, the larger θ values were recorded in the PD muscle, reflecting the predominantly slow population of MUs within this muscle.
The study of wheelchair propulsion is complicated by the large variability in functionality among the disabled population. Attempts to study muscle activation in MWUs would likely result in large inconsistencies in activation patterns. To overcome the inherent problem of the considerable heterogeneity of MWUs, we recruited non-wheelchair users in the present study, because they would be equally well trained or untrained for all tested conditions and, obviously, would be physically quite homogeneous [37] . The SmartWheel weighs 4.9 kg, and one regular wheel (1.9 kg) was placed on the left hand side. Since the test wheelchair was secured on the ergometer, the wheelchair could not deviate from its path as a result of higher rolling resistance of the heavier SmartWheel. So, on the ergometer wheelchair, propulsion is not affected by uneven wheel weights. We adopted the semicircular stroke technique to propel the wheelchair during data collection. This technique is recommended by the clinical practice guideline based on the results of Boninger et al.'s study. [25] . The semicircular technique is used widely in experienced wheelchair users, while nonusers implemented the arcing technique [38] . Results gained from studies with nondisabled subjects demonstrated the validity and reliability of EMG data in the measurement of muscle activity; the findings of the present study are certainly in-line with earlier research [39] [40] . The level and timing of muscle recruitment in people who actually need to use a wheelchair are bound to show considerable variations depending on the type and level of each individual's injury [34] . Although the results may not be completely transferable to people with SCI, ultimately the aim is to be able to map the normal ranges for each of the muscles in the synergistic groups and detect when This may provide an early indication of the change to a diseased state, e.g., impairment or progressive neurological condition such as multiple sclerosis, or the ability to monitor rehabilitation for the biofeedback adoption of "good," i.e., protective, learning behaviors.
CONCLUSIONS
The present study shows important differences in the EMG activity of superficial shoulder muscles between the two testing speeds during wheelchair propulsion. There were significant changes in the average timing of shoulder activity during the two testing speeds of wheelchair propulsion. The fast speed required higher activity levels in the shoulder muscles than did the slow speed. The smaller θ values in some of the windows from the fast propulsion cycle suggest that a greater proportion of fast MUs may have been recruited during rapid movement. We aim to provide wheelchair users with a performance feedback system; such a system may lead to better prevention of pain or overuse of the upper limbs for MWUs.
